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DopingAbstract Al-doped NiZnO thin ﬁlms were fabricated by dip coating and annealed at various tem-
peratures (250–550 C) and their properties were evaluated. With increasing annealing temperature,
the Al contents in the thin ﬁlms were continually increased, because of the rapid increase in the
incorporation efﬁciency of the Al–O layer with respect to the NiZn–O layer. Polycrystalline nature
of the thin ﬁlms was conﬁrmed by the X-ray diffraction technique. All ﬁlms have a perfect wurtzite
structure without any recordable variation in the ZnO lattice produced by replacing Zn with Ni and
Al. The absorption edge shifted to a higher wavelength (red shift) with the increase of annealing
temperature indicating that the shrinkage of the optical band gap was induced. The optical band
gaps of thin ﬁlms decreased from 3.5 to 2.5 eV. All ﬁlms showed ferromagnetic behavior. The
annealing process provided a reduced resistivity due to the improved crystal structure of ﬁlms.
 2015 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
ZnO with a large band gap is considered as an important semi-
conductor material, showing room temperature ferromagnetic
properties when doped with 3d transition metal ions such as
Ni, Co, or Mn [1–3]. ZnO:Ni ﬁlms co-doped with Al are
important functional materials for optoelectronic and
magneto-electronic applications. ZnO:Ni ﬁlms have beenwidely investigated by many research groups [1,4–6] because
they have potential applications in a variety of Opto-
electronic devices such as solar cells, memory devices and sen-
sors. A large number of studies focused on the structure, mag-
netism and transmittance of visible light of the ZnO:Ni ﬁlms.
A few researchers studied Al doped ZnO:Ni ﬁlms in order to
improve the conductive stability of the ﬁlms [7–9].
ZnO was usually prepared by pulse laser deposition [10],
radio frequency magnetron sputtering [11] and molecular
beam epitaxy [12]. These techniques required complicated,
high temperature deposition, and costly vacuum systems for
fabrication. While, the solution growth method was an easy,
low temperature and inexpensive that could produce high
quality ZnO materials [13–15]. This paper reported the struc-
tural, electrical and optical properties of Al-doped ZnO:Ni
ﬁlms using a sol–gel technique.of Saudi
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Figure 1 FTIR of Al doped NiZnO.
2 Z.N. Kayani et al.2. Experimental details
Zinc acetate di-hydrate and nickel acetate tetra hydrate were
used as precursor materials and aluminum nitrate nano-
hydrate was used as the doping material. At start 5 ml of
diethyl amine was added to 46 ml of propanol and stirred at
80 C for 1 h until a transparent solution was obtained. After
that, 5.35 g zinc acetate di-hydrate was introduced into the
solution and magnetically stirred at 80 C for 1 h then it was
cooled to room temperature. Afterward 0.468 g aluminum
nitrate nano-hydrate was totally mixed into combined solu-
tion. After that 6.1 g nickel acetate tetra hydrate was fully dis-
solved in the prepared solution and then stirred for 1 h at
100 C and afterward 45 ml ethanol was added to a mixed
solution of zinc acetate dehydrate and nickel acetate tetra
hydrate and then stirred for 2 h at 700 rpm at 100 C and left
for aging for 2 days. This sol was deposited on a pre cleaned
soda lime glass substrate at a constant withdrawal speed of
250 mm/s. An average of ﬁve layers was required for each ﬁlm
with 100–150 nm thickness. Then these ﬁlms were air dried
after deposition and heated and dried at 100 C in an oven
for 15 min. For phase formation, thin ﬁlms were annealed at
250, 400, 450, 500 and 550 C for two hours at ambient condi-
tions. Structural, optical, magnetic, electrical and surface
properties of annealed thin ﬁlms were studied.
Thermal analysis of the dried gels was examined by a
thermo gravimetry–differential thermal analyzer (TGA–DSC;
SDT Q600) heating from 27 to 1000 C ramp at 10 C/min.
The Fourier transform infrared (FTIR) transmittance mea-
surements were performed with a Model M 2000 Midac
USA spectrophotometer in the spectral range from 400 to
4000 cm1 with a resolution of 2 cm1. Crystallinity of Al
doped MnZnO ﬁlms was characterized by X-ray diffractome-
ter (Rigaku Dmax-III A, Geiger ﬂux instrument, Cu
Ka= 1.54056 A˚). The optical transmission spectra were
recorded with a UV/VIS/NIR spectrophotometer (Hitachi
U-2800) ranging from 200 to 900 nm in wavelength. Surface
morphologies of the ﬁlms were observed by ﬁeld emission
scanning electron microscope (SEM, S-3400N, Hitachi). Mag-
netic properties were measured by using Vibrating Sample
magnetometer VSM (Lakeshore) 7407.
3. Results and discussion
3.1. FTIR
FTIR stands for Fourier transform infrared spectroscopy that
uses the Infrared radiation to identify chemical bond in
materials. To analyze the materials by FTIR, KBr pellets were
prepared and then distinguished by infrared spectroscopy at
400–2000 cm1 wavelength range. In FTIR, beam of light
was passed through the sample, some part of the radiation
was absorbed through sample and other part of the radiation
was transmitted by the sample. To conﬁrm the formation of Al
doped NiZnO, FTIR spectroscopy was done and FTIR
spectrum is shown in Fig. 1.
One principle dip was observed at 571 cm1 which was due
to the insertion of Al in ZnO lattice [16]. When precursor solu-
tion was condensed, hydrolysis and condensation or polycon-
densation took place. So, the stretching modes of Al and its
linkages with ZnO were observed [17]. The absorption dip atPlease cite this article in press as: Z.N. Kayani et al., Characteristics of Al-doped Z
Chemical Society (2015), http://dx.doi.org/10.1016/j.jscs.2015.10.004485 cm1 was corresponding to the stretching mode of ZnO.
The two dips were recorded by Wang et.al. [18] in the range
1600–1350 cm1, which acted as a ﬁngerprint of the acetate
anion group in the zinc acetate. Appearance of a sharp dip
at 1597 cm1 was attributed due to the OH- vibrational mode.
These FTIR spectral results conﬁrmed that the bonding force
of acetate anion with zinc cations reduced with phase transfor-
mation (zinc acetate to ZnO), and OH- groups gradually
replaced acetate groups and the acetate groups were removed
completely forming Zn(OH)2 and ﬁnally ZnO could be formed
with the release of acetate anion. This formation of ZnO
clearly indicated that sol–gel synthesis was complete. The
bands at 1381 and 1435 cm1 were assigned to the C–O and
the C‚O stretching modes. The dips at 686, 755 and
1042 cm1 illustrated Ni occupation with ZnO [19]. FTIR con-
ﬁrmed that acetate cation of nickel acetate was completely
removed binding nickel ion with ZnO [20].3.2. Thermal analysis
The thermal decomposition of metal acetates and nitrates dis-
solved in propanol with diethanolamine (DEA) was shown in
the TGA/DSC (Fig. 2) traces led toward the synthesis of pure
Al doped NiZnO. It could be seen that the decomposition pro-
cess consisted of three stages. In the ﬁrst stage weight loss took
place between 30 and 260 C. In this stage water and organics
got evaporated as well as removal of acetate groups took place
[21]. In the 2nd stage there was a sharp fall in weight between
260 and 292 C. This abrupt weight loss was due to the forma-
tion of Al doped NiZnO from its hydro-oxide and removal of
diethyl amine [21]. The 3rd stage of weight loss took place
between 292 and 786 C gradually. It was due to the nucleation
and crystal growth of Al doped NiZnO ﬁlms. Two exothermic
peaks were observed at 298 and 816 C while one endothermic
peak was observed at 774 C. The appearance of exothermic
peak at 298 C showed evaporation of organics while other
exothermic and endothermic peaks predicted crystallization
of the material.nO:Ni films grown on glass by sol–gel dip coating technique, Journal of Saudi
0 200 400 600 800 1000
0
20
40
60
80
100
DSC
TGA
Temperature 0C
H
ea
t f
lo
w
 W
/g
-2
0
2
4
W
eight %
Figure 2 TGA/DSC of Al doped NiZnO.
Characteristics of Al-doped ZnO:Ni ﬁlms grown on glass 33.3. Structural analysis
Fig. 3 shows the XRD patterns of Al doped NiZnO thin ﬁlms
annealed at various annealing temperatures from 250 to
550 C. XRD predicted that the Al doped NiZnO thin ﬁlms
had a polycrystalline hexagonal wurtzite structure that
matched the JCPDS ﬁle (No. 36-1451). Preferred orientation
of Al doped NiZnO thin ﬁlms was found to be along (100)
direction. The XRD peaks of the ﬁlms at 31.7, 34.7, 36.14,
44.4 and 64.7 2h were assigned to the (100), (002), (101),
(102) and (103) planes of ZnO lattice, respectively. These ﬁnd-
ings assured that Al and Ni had no effect on the crystal struc-
ture of ZnO. While, the intensity of the major diffraction peak
(100) shifted from 30.6 to 31.6 when the annealing tempera-
ture was increased from 250 to 400 C, further annealing min-
utely shifted the peak to 31.7. (002) phase was not observed
at 250 C annealing, but when the temperature was raised to
400 C (002) phase appeared at 33.3 which shifted to 34.7
upon annealing at 450 C, further annealing shifted (002) peak30 40 50 60 70
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Figure 3 XRD patterns of Al doped NiZnO thin ﬁlms annealed
at (a) 250, (b) 400, (c) 450, (d) 500 and (e) 550 C.
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annealing at 36.6 and its intensity increased with increasing
annealing temperature to 550 C, suggesting that the crys-
tallinity of the derived ﬁlms improved. A peak corresponding
to (103) phase of ZnO appeared at 64.8 upon 500 C anneal-
ing. It was not present at other annealing temperatures. This
change was produced due to the strain created in the Al doped
NiZnO thin ﬁlms, which appeared because of the lattice mis-
match between the dopants and thermal treatment. The total
strain in the thin ﬁlms comprised of two parts: (1) the internal
strain, which was produced by the doping and defects intro-
duced during the ﬁlms deposition, and (2) the external strain,
which was produced by the mismatch in lattice constants
and thermal expansion coefﬁcients between the thin ﬁlms
and substrates [22]. In this project, the internal strain and
external strain were comparable to each other. When NiAl:
ZnO ﬁlm was annealed, the internal strain declined because
of the shifting of atoms from a non-relaxed site to a great
relaxed site while oppositely, the external strain was enhanced
due to the difference in the thermal expansion coefﬁcient of the
Al doped NiZnO and the glass substrate. In this project of Al
doped NiZnO ﬁlm, the decline in the strain is because of the
emission of internal strain on annealing.
Scherrer’s equation was used to calculate the mean crystal-
lite size of the thin ﬁlms.
D ¼ kk=b cos h
where k was a constant of 0.94, k was the X-ray wavelength of
1.54 A for CuKa, h was the Bragg diffraction angle, and b was
the FWHM. The calculated crystallite sizes of the Al doped
NiZnO thin ﬁlms annealed at 200, 400, 450, 500 and 550 C
were 12.03, 12.24, 12.52, 12.72 and 13.77 nm, respectively
(Table 1). The crystallite size was enhanced by increasing
annealing temperature because of the enhancement of grain
growth by the thermal process. As the full width at half
maximum (FWHM) was conﬁrmation of the crystalline [1],
the lowest FWHM was recorded for the thin ﬁlm annealed
at 550 C, predicting that the ﬁlm has an improved crystalline
structure.
Dislocation density is deﬁned as the length of dislocation
line per unit volume of the crystal. The dislocation density of
Al doped NiZnO was calculated by the crystallite size. Table 1
shows that the dislocation density decreased with an increase
in the annealing temperature.
3.4. Optical properties
Fig. 4 shows the transmittance spectra in the wavelength range
between 300 and 900 nm for the Al doped NiZnO thin ﬁlmsTable 1 Structural properties of Al doped NiZnO thin ﬁlms.
Annealing
temperature C
Crystallite
size D (nm)
Dislocation density
d  1015 (line2/m2)
Strain e
250 12.03 6.91 0.00288
400 12.24 6.67 0.00283
450 12.52 6.38 0.00277
500 12.72 6.18 0.00272
550 13.77 5.27 0.00251
nO:Ni films grown on glass by sol–gel dip coating technique, Journal of Saudi
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Figure 4 Transmission spectra of thin ﬁlms annealed at (a) 250,
(b) 400, (c) 450, (d) 500 and (e) 550 C.
4 Z.N. Kayani et al.grown on the glass substrates and annealed for 1 h at 250, 400,
450, 500 and 550 C. All ﬁlms in this study showed 85–90%
maximum optical transmission, and annealing slightly
decreased the optical transmission of the Al doped NiZnO1.00E+008
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Chemical Society (2015), http://dx.doi.org/10.1016/j.jscs.2015.10.004ﬁlms. Al doped NiZnO thin ﬁlms showed excellent optical
transparency in the visible spectral region, which is essential
for potential applications in transparent optoelectronic
devices.
The absorption coefﬁcient was calculated by the following
equation:
a ¼ 1=t  ln 2R2T= ð1 RÞ2 þ ð1 RÞ4þ4R2T2
n o1
2
 
Refractive index was calculated by using transmittance data
with the help of the following equations:
n ¼ Nþ ðN2  n2s Þ
1
2
h i1
2
where
N ¼ ½n2o þ n2s=2þ 2nsðTmax  TminÞ=ðTmax  TminÞ
In the above equation ns is the refractive index of the sub-
strate. As we used glass substrate, thus ns value is 1.52, where
Tmax and Tmin in transmission spectra represent maximum and
minimum transmittance. The thickness of the thin ﬁlm was
determined by the following equation:
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Figure 6 Variation of (a) extinction co-efﬁcient, (b) optical
conductivity and (c) skin depth Vs wavelength.
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Figure 7 Hysteresis for Al doped NiZnO thin ﬁlms when
magnetic ﬁeld was applied (a) parallel to ﬁlms and (b) perpendic-
ular to ﬁlms annealed at (a) 250, (b) 400, (c) 450, (d) 500 and (e)
550 C.
Characteristics of Al-doped ZnO:Ni ﬁlms grown on glass 5where k1 and k2 represented successive maxima and minima
wavelengths, n1 and n2 were refractive indices related with k1
and k2. M was the number of oscillations; its value was 1 for
two succeeding maxima or minima.
The band gap of the thin ﬁlms was calculated by the
relation
ðahvÞ ¼ Aðhv EgÞn
where, h= planks constant, v= frequency of light, n= 1/2
for direct band gap and 1 for indirect band gap, A= constant.
In order to obtain the band gap of the thin ﬁlms, plots of
(ahm)2 against the energy hm were evaluated. The sharp absorp-
tion edge was evaluated for high quality ﬁlms by the linear ﬁt.
The optical band gap energies determined from the obtained
transmittance spectra are shown in Fig. 5. This is well known
as the Burstein–Moss effect results from the doping of AlPlease cite this article in press as: Z.N. Kayani et al., Characteristics of Al-doped Z
Chemical Society (2015), http://dx.doi.org/10.1016/j.jscs.2015.10.004[23,24]. ZnO is a natural n-type material, and the Fermi level
will be in the conduction band when it is heavily doped. Since
the states below the conduction band are ﬁlled, the absorption
edge should move to a higher energy level. With the increase of
annealing temperature from 250 to 550 C, band gap decreased
from 3.5 to 2.5 eV. It was seen that the slight decrease in the
optical band gap of the ﬁlms with the decreasing ﬁlm thickness
could be due to the increase in the crystallite size. Another rea-
son could be the improving crystallinity with the increasing
crystallite size. This meant that the thickness affected the band
gap of the ﬁlms. The annealing process was found to be helpful
in improving the electro-optical properties of the thin ﬁlm.
This was due to the better crystalline quality and oxygen deﬁ-
ciency after annealing. The optical properties depended on the
physical properties of the thin ﬁlms, which were also affected
by the deposition and post-deposition conditions. It was found
that the energy gap decreased with annealing temperature.
Apart from eliminating the oxygen vacancies, annealing pro-
cess also localized the oxygen atoms at interstitial [25]. ThenO:Ni films grown on glass by sol–gel dip coating technique, Journal of Saudi
Table 2 Optical properties and resistivity of Al doped NiZnO thin ﬁlms annealed at various temperatures.
Annealing
temperatures (C)
Band
gap(eV)
Thickness
(lm)
Refractive
index (n)
Extinction
co-eﬃcient
Skin
depth  105
Optical
conductivity
Resistivity q
ohm-cm  105
250 3.5 2.5 1.56 3.73 1.03
400 3.05 2.07 1.58 0.0024 1.12 0.58 1.65
450 2.91 2.04 1.66 0.0017 1.61 0.29 0.88
500 2.88 1.57 1.71 0.0013 2.17 0.16 0.71
550 2.5 1.11 2.22 0.00093 2.88 0.093 0.15
Table 3 Magnetic properties of Al doped NiZnO thin ﬁlms.
Annealing temperature (C) Saturation magnetization Ms
(emu/cm3)
Coercivity HC (Oe) Remnant magnetization Mr
(emu/cm3)
Squareness
S* =Mr/Ms
In plane Out plane In plan Out plane In plane Out plane In plane Out plane
250 2.1527 2.086 814.95 1648.9 0.1373 0.0414 0.0637 0.0198
400 2.701 2.624 682.91 158.32 0.1845 0.1329 0.0683 0.0506
450 4.009 4.080 650.41 158.23 0.2403 0.2294 0.0599 0.0562
500 4.357 4.257 114.68 90.109 0.2695 0.2630 0.0618 0.0617
550 4.798 4.627 97.716 6.6633 0.3192 .2849 0.0665 0.0615
6 Z.N. Kayani et al.induced oxygen interstitial formed separate band defects in the
band gap region, producing the reduction in Eg value with the
increase in annealing temperature [26]. With the increasing
annealing temperature, more energy was required for crystal-
lite growth, thus producing improvement in crystallinity of
the ﬁlms. Hence, it was deduced that both the increase in
crystallite size and the increase in a crystalline phase were
responsible for the decreasing band gap in annealed Al doped
NiZnO ﬁlms. The extinction coefﬁcient k deﬁnes the absorp-
tion of light as it moves through the material which can be
evaluated by the following equation.
K ¼ ak
4p
Fig. 6 shows changes in extinction coefﬁcient (k), optical
conductivity (r) and skin depth (v) with an increase in the
annealing temperature. It could be concluded from Fig. 7 that
there was an increment in the visible region and decrement in
the ultraviolet region of the extinction coefﬁcient and optical
conductivity. The extinction coefﬁcient showed a dispersion250 300 350 400 450 500 550
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Figure 8 Resistivity of Al doped NiZnO thin ﬁlms annealed at
(a) 250, (b) 400, (c) 450, (d) 500 and (e) 550 C.
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Chemical Society (2015), http://dx.doi.org/10.1016/j.jscs.2015.10.004trend, in accordance with the Sellmeier relationship of extinc-
tion coefﬁcient. The decreasing of the K with thickness was due
to the increasing of the intrinsic free carrier densities in the
conduction band. It is beneﬁcial to deﬁne a characteristic
‘‘skin” thickness that was due to an appreciable density of
optical energy:
X ¼ 1
a
The skin depth increased as the annealing temperature
increased, so the skin depth was related to transmittance
through thin ﬁlms while extinction co-efﬁcient and optical con-
ductivity decreased with annealing. The change of refractive
index (n), extinction coefﬁcient (k), and band gap energy
(Eg), showed effects on the optical properties due to annealing
(Table 2).
3.5. Magnetic properties
Fig. 7 shows M–H curves in-plane and out of plane of Al
doped NiZnO thin ﬁlms. All ﬁlms showed Ferromagnetic
behavior. Variation in saturation magnetization (Ms) and
coercivity (Hc) as a function of annealing temperature is shown
in Fig. 7. It could be seen through this ﬁgure that at annealing
temperature of 550 C ﬁlms showed a high value of Ms
(4.8 emu/cm3) and lower value of Hc (97.7 Oe) for in-plane
and Ms (4.6 emu/cm
3) and Hc (6.7 Oe) for out of plane mag-
netic ﬁeld applied to thin ﬁlms. For the Al doped NiZnO ﬁlms,
the high Ni content and annealing increased the size of the Ni
nano-clusters [27]. The saturation magnetization and remnant
magnetization of the ﬁlms for a parallel applied ﬁeld were
slightly larger than those of the ﬁlm at a measurement ﬁeld
applied perpendicularly. It predicted that some magnetic
moments orient along the direction of the magnetic ﬁeld.
When the magnetic ﬁeld was applied along the direction of
the ﬁlms, all the magnetic moments rotated easily in the direc-
tion of the magnet ﬁeld. When the magnetic ﬁeld was applied
perpendicular to the direction of the ﬁlms, a few magneticnO:Ni films grown on glass by sol–gel dip coating technique, Journal of Saudi
Characteristics of Al-doped ZnO:Ni ﬁlms grown on glass 7moments such as those along the ﬁlms could not rotate in the
direction of the magnetic ﬁeld. So, the ﬁlms showed the aniso-
tropic magnetization behavior. Table 2 shows that Square-ness
ratio was very small for all ﬁlms for in-plane and out of plane
applied magnetic ﬁeld. So these ﬁlms could not be used in
memory devices (see Table 3)
Internal imperfections such as oxygen vacancies and Zn
interstitial could act the role of shallow donors in ZnO.
Therefore, the room-temperature ferromagnetism in Al doped
NiZnO might emerge from the long-range Ni ions. Ferromag-
netic coupling arbitrates by shallow donor electrons [28]. Hence,
the origin of ferromagnetism in the Al doped NiZnO thin ﬁlmsFigure 9 Surface study of Al doped NiZnO thin ﬁlms ann
Please cite this article in press as: Z.N. Kayani et al., Characteristics of Al-doped Z
Chemical Society (2015), http://dx.doi.org/10.1016/j.jscs.2015.10.004could be due to the exchange interaction among free electrons
and conﬁned d spins of the Ni+2. In the current project, an
enhancedMs is recorded in the ﬁlms annealed in air at varying
temperatures (250–550 C) which was due to a stronger bound
magnetic Polaron (BMP) effect. The oxygen vacancies at the
grain boundaries locally trapped electrons to capture the orbital
intervening with the d sub shells of the nearbyNi ions, forming a
ferromagnetic grain-boundary chain. There are large numbers
of Ni ions and imperfections at the grain boundaries than in
the grains, so the ferromagnetism was inducted from the grain
boundaries than inside the grains because of the diffusion of
Ni in the ﬁlm. Large densities of oxygen vacancies and Ni ionealed at (a) 250, (b) 400, (c) 450, (d) 500 and (e) 550 C.
nO:Ni films grown on glass by sol–gel dip coating technique, Journal of Saudi
8 Z.N. Kayani et al.occupied a large area covered by the BMPs, hence forcing more
Ni ions and oxygen vacancies to move inside the ferromagnetic
domains and increasing the ferromagnetism of the ﬁlms after
annealing [29].
3.6. Electrical properties
Fig. 8 shows variations of electrical resistivity of Al doped
NiZnO thin ﬁlms at various post deposition annealing
temperatures ranging between 250 and 550 C. A decrease in
resistivity was observed, which was due to the increase of the
carrier concentration as the annealing temperature increased.
This was caused by the improved crystallinity, decreased grain
boundary, reduced scattering of charge carriers. It was
assumed that the diffusion of Al in NiZnO was increased with
an increase in the annealing temperature. Al radius was smaller
than Zn, so Al easily diffused into the ZnO lattice. This led to
an increased carrier concentration and a decreased resistivity.
When the annealing temperature was increased from 250 to
400 C, the resistivity of the ﬁlm increased due to oxygen
vacancies, which contributed to the increase of free carriers.
The increase of the electrical resistivity with the annealing tem-
perature was due to the increase of the potential barriers,
because the inducted atoms were gathered into the grain
boundaries. It was observed that annealing above 400 C
decreased resistivity of ﬁlms because it helped grains to be
re-crystallized into a dense structure. The electrical properties
of the ﬁlms were found to be related to the microstructure
and crystallographic structure, which in turn relayed on the
annealing temperature. The movement of charge carriers
became easy when the number of grain boundary decreased
and consequently resistivity of thin ﬁlms decreased.
3.7. Surface morphology
Fig. 9(a–e) shows micrographs of the surfaces and thicknesses
of Al doped NiZnO thin ﬁlms annealed at different tempera-
tures. Thin ﬁlms deposited had polycrystalline structure with
two types of surface morphology rod like grains when
annealed at 250 C and porous surfaces at higher tempera-
tures. These two morphologies suggested that the ﬁlm showed
rapid and random crystallization. These two morphologies
were due to same agglomerates but annealed at different tem-
peratures. Thin ﬁlms annealed at temperature 400 C showed a
porous contrast, which indicated that the pores in the surface
were due to the decomposition reaction of the precursor and
the evaporation of residual organics in thin ﬁlms. Porosity of
thin ﬁlms was increasing with the increase in the annealing
temperature. It can be seen that the grain size of Al doped
NiZnO ﬁlm increased minutely with an increase in the anneal-
ing temperature. As the temperature increases, the crystal
grain builds up continuously. A homogeneous, void free and
uniform microstructure is seen throughout the surface area,
which was an advantage of the sol–gel technique.
4. Conclusions
The physical characteristics of Al doped NiZnO thin ﬁlms fab-
ricated by the sol–gel dip coating technique and annealed at var-
ious temperatures were examined by FTIR, XRD, VSM, SEM
and UV–VIS spectrophotometer. The preferred orientation ofPlease cite this article in press as: Z.N. Kayani et al., Characteristics of Al-doped Z
Chemical Society (2015), http://dx.doi.org/10.1016/j.jscs.2015.10.004thin ﬁlms was along a-axis. Peaks showed a slight shift in peak
position with increasing annealing temperatures due to an
enhanced chemical-reaction process and reduced residual chem-
icals. The band gap energy decreased from Eg = 3.5 to 2.5 eV
for Al doped NiZnO thin ﬁlms annealed at increasing tempera-
ture, revealing blue shift of the absorption edge as a function of
annealing temperature revealing Burstein–Moss effect. Al
doped NiZnO thin ﬁlms had shown ferromagnetic behavior
with high value of Ms (4.8 emu/cm
3) for in-plane and
4.6 emu/cm3 for out of plane applied magnetic ﬁeld to ﬁlms
which were annealed at 550 C. It was observed that the resistiv-
ity of the ﬁlms decreased with increasing annealing temperature
due to decrease in grain boundary scattering stemming from
good crystallinity.
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